Tungsten5.0 mass% rhenium (W5.0 mass%Re) composite feedstock was fabricated by a new cover method. Complex and thin-walled W5.0 mass%Re products (including one shaped charge liner and one throat) were produced by plasma spray forming (PSF) followed by hot isostatic pressing (HIPing). Scanning electron microscope (SEM), Archimedes method, Vickers hardness, tensile and compressive tests were employed to study microstructure, density, micro-hardness and mechanical properties of the parts.
Introduction
Owing to high melting point (T m ¼ 3410°C) and high modulus (310380 GPa), W is a special material for the elevated temperature applications. However, the poor ductility of tungsten at room temperature accompanied by a significantly reduced strength at elevated temperatures is the major deterrent to the application of tungsten. 1) To improve its low-temperature fabricability and elevated temperature strength, tungsten heavy alloys, solid-solution strengthened tungsten alloys, and dispersion strengthened tungsten alloys have been developed since 1960s. For example, additions of rhenium (Re) to tungsten result in increased low-temperature ductility, improved high-temperature strength and creep resistance as well as higher recrystallization temperatures. WRe alloys with 35 mass% Re are the most commonly used 2) and have found wide applications in atomic energy, metallurgy, airplane and aerospace industries, as indicated by Wang et al.
3) However, due to its ultra-high melting point, some researchers 4, 5) revealed that it is difficult to fabricate large-scale or thin-walled W or WRe alloy parts with complex shape through conventional industrial methods such as powder metallurgy (PM) and chemical vapor deposition (CVD) . People have long wished to develop an effective fabrication method to produce WRe alloy parts of desired shapes and density. Capable of making high quality nearnet-shape parts, plasma spray forming (PSF) has then been chosen as an alternative method.
Differing from PM and CVD, PSF sprays refractory metallic powders directly onto a predesigned mandrel.
68)
Almost any feedstock can be sprayed onto the mandrel in a controllable manner to provide a compact of desired shape and wall thickness, which significantly simplifies fabrication process and reduces cost. Recently, researches on fabrication tungsten or tungsten-based parts by PSF have been reported by Wu et al., 9) Rea et al., 10) Hovis et al., 6) Mutasim et al.
11)
and Wang et al. 12, 13) In the work of Wu et al., 9) technique of PSF for large-scale tungsten tubular heating elements was introduced. Rea et al. 10) explored and characterized vacuum plasma spray formed tungsten parts reinforced by nanoscale HfC particles. In addition, a blend of W, nickel (Ni) and iron (Fe) powders was plasma sprayed onto a mandrel of desired configuration, as described by Hovis et al. 6) They claimed that the formation of thin-walled structure made by plasma spraying can significantly reduce shrinkage and prevent cracks while enhance physical properties comparing those obtainable by PM method. According to work of Mutasim et al., 11) 90W8Ni2Fe refractory metallic powders were spray formed using vacuum plasma spray (VPS) to produce dense and fine grains with homogeneous microstructures. They have studied operating parameters (plasma arc gas type and flow-rate, plasma gun nozzle size and spray distance) and their effects on density and microstructure of the deposits. Recently, 95W3.5Ni1.5Fe thin-walled products fabricated by PSF and vacuum liquid phase sintering were reported by Wang et al. 12, 13) The relations between microstructure and mechanical property before and after liquid phase sintering were investigated. A five-stage sintering mechanism (including solid state sintering and recrystallization, liquid phase formation and infiltration, solution and precipitation, particle rearrangement, solution-precipitation and coalescence) were firstly proposed and then double checked by experimental results.
In addition to partially melted large particles and splashing of droplets, variation in processing parameters such as powder feed rates, spraying cross-head speeds and spraying distances may cause inherent defects including voids and/or inclusions in deposits. Consequently, Mcpherson 14) found out that poor adhesion among lamellae has always been formed in plasma sprayed deposits. Similar to cold-pressed green compact of PM, one effective method of improving the physical properties of plasma sprayed deposits is to subject them to hightemperature vacuum sintering or HIPing. Kuribayashi et al. 15) found out that both Vickers hardness and bonding strength of plasma sprayed Al 2 O 3 , ZrO 2 and TiC coatings were remarkably improved after HIPing treatment. Khor et al. 16) revealed that HIPing played great influence on microstructure changes in plasma sprayed TiAl coatings. They considered that plastic yielding and creep, brought by high pressures, appearing to be the dominant influences on density of plasma sprayed deposits. In their later works, 17) they found out that, combining with the stress field applied, high temperature interlamellar diffusion could cause material moving from particles to voids, and, consequently, to close up the pores.
Those abovementioned works showed that HIPing played great influence on microstructure changes and physical properties of plasma sprayed deposits. However, to our knowledge, there is still lack of work on the relation between microstructure and mechanical properties of PSF WRe alloy parts before and after HIPing. It is then the objective of current work to systematically study the relationship. Another aim of this work is to develop a design of tungsten-based structural alloys (thin-walled or large-scale articles with complex shape) and their manufacturing and treatment processes providing satisfactory properties.
Experimental Procedures
Initial W powders with polygonal crystals of particle size distribution ranging from 33 to 70 µm and purity of 99.95 mass% were shown in Fig. 1(a) . Average particle size of 5 µm 99.90 mass% pure Re was used as starting material as shown in Fig. 1(b) . The W5.0 mass%Re composite feedstock was fabricated by cover method which was introduced in detail as below. Firstly, powders of W and Re were weighed according to composition (in weight ratio) of 95 : 5 prior to mixing conducted in a M9W-315983 type cylindrical mixer for 2 h at 50 rpm. Secondly, per kilogram of the mixed powders were fully wetted by a solution which was made up of alkyd varnish (weighed as 10 g) and gasoline (measured as 60 mL). Then they were air dried in an electric oven at 60 « 5°C for 600 min and turned into a monoblock owing to solidification of alkyd varnish and volatilization of gasoline. Finally, the feedstock with particle size ranging from 45 to 150 µm could be acquired through crushing and sieving. It should be noted that the composite feedstock was showed as fine Re particles covering on surface of coarse W powders (see Fig. 1(c) ).
The feedstock was dried in an electric oven at 100 « 5°C for 60 min to mitigate clogging and agglomeration for better ability of injection during plasma spraying. Graphite mandrels were prepared and fixed on a turnplate at rotating speed of 60 rpm in an airtight chamber of¯1300 © 1700 mm. The chamber was first evacuated and then filled by Ar at 1.01 © 10 5 Pa. The feedstock was sprayed onto the graphite mandrel using a DH-1080 plasma system (max. 80 kW). The deposition parameters used in this work were summarized in Table 1 .
After plasma spraying, graphite mandrels were removed from spray-formed deposits by machining. The PSF deposits were then HIPed at 2000°C, 180 MPa for 2, 4 and 6 h, respectively. The heating rate was set at 10°C per minute. Finally, the parts were cooled to room temperature in furnace. Note here, pure W deposits were fabricated by the same procedure for comparison. Densities of PSF parts before and after HIPing were measured by Archimedes method. It should be noted that relative density (actual density divided by theoretical density) was reported. Micro-hardness was measured by Buehler 5410 Vickers hardness Tester. Load of 25 g was applied for a dwell time of 15 s and an average value of 6 indents was reported here. The tensile specimens with gauge length of 25 mm, width of 4.8 mm, and thickness of 5 mm and compressive specimens with a dimension of¯4 mm © 6 mm were prepared by wire electrical discharge machining (EDM). UTS and compressive strength of PSF and HIPed deposits (5 samples for each set) were measured using Instron3369 machine at rate of 1.0 and 2.0 mm/min, respectively. Samples for metallographic study were ground on emery papers and mechanical polished by 48 and 0.51 µm diamond pastes, respectively. Scanning electron microscope (JEOL JSM-6360LV) equipped with energy dispersive X-ray spectroscopy (EDS) and back scattered electrons (BSE) was used to characterize microstructure changes of PSF and HIPed parts.
Results and Discussion

Microstructures of PSF parts
Near-net-shape WRe alloy parts with complex shape including one shaped charge liner and one throat are shown in Fig. 2 . After mechanical polishing, the wall thicknesses of the shaped charge liner and the throat are 1.7 « 0.05 (thin walled) and 16.5 « 0.05 mm (thick walled), respectively. Note here, no harmful impurities such as carbon or carbide etc. remained in the PSF parts owing to fully volatilization of alkyd varnish during ultra high temperature plasma spraying.
Microstructures in surface layer and cross section of PSF WRe deposits are depicted in Fig. 3 . Ideal pancake-like depositions with smooth surface can be found in Fig. 3(a) . In addition, we observed the formation of micro-cracks in the surface owing to tensile stress resulting from rapid cooling of molten film on top of pre-solidified particles during plasma spraying. Figure 3(b) shows elongated splats forming a curved lamellar structure, which is a typical phenomenon of thermal spray coatings as reported by Pawlowsky. 18) The thickness of lamellae is ranged from 5 to 20 µm. Rough interlamellar contacts with tiny pores and gaps can be found between the splats. Re-rich phase could be observed in local region of PSF deposits (depicted as "A" region in Fig. 3(c) ). Figure 3(d) shows an energy dispersive spectrum of "A" region with content of Re being close to 92.5 mass%.
Influences of HIPing time on microstructures of
WRe deposits Influences of HIPing time on microstructures of WRe alloy parts are depicted in Fig. 4 . After HIPing at 2000°C, 180 MPa for 2 h, several micro-gaps and a lot of tiny pores can be observed in the parts as shown in Fig. 4(a) . Gaps and layer boundaries are eliminated with some tiny pores left inside WRe alloys (see Fig. 4(b) ) after being HIPed for 4 h. As HIPing dwell time increasing up to 6 h, further densification took place in WRe alloys with the total number of micro-sized pores being decreased (see Fig. 4(c) ). As a result, it could be concluded that relative density of PSF deposits increased with dwell time of HIPing. Note here, Re-rich phase was disappeared (see Fig. 4 ) for the formation of a bcc WRe solid solution during HIPing. In addition, an energy dispersive spectrum of WRe alloys (after 6 h HIPing) with content of Re being close to 3.5 mass% can be found in Fig. 4(d) . Table 2 . Owing to the existence of pores, micro-cracks and gaps, the relative density of PSF WRe alloy parts has only approached to 87 « 1%. Consequently, the micro-hardness is much weaker possible due to incompletion of densification. For parts after HIPing, the relative densities are increased with held time due to reduction in number and size of pores and gaps. As a result, micro-hardness has been increased gradually as listed in Table 2 .
UTS and fracture surface analysis
The averaged UTS of PSF WRe alloy parts of 5 samples till break is about 57 « 2 MPa. Vertical columnar grains can be discerned within layers of fracture surfaces as shown in Fig. 5(a) . This observation suggested that the solidification was completed immediately upon molten droplets and/or partially melted particles impacted on the surface of the deposits. Following droplets spread over onto pre-deposited splats whereas nucleation and solidification taking place layer by layer to finally form a columnar dominated structure. Similar results have been reported by Vardelle et al. 19) Houben and Liempd 20) and Montanari et al. 21) Some partially melted W particles can be observed on the fracture surface as shown in Fig. 5(b) . It can be found out that diameter of the columnar grains is very fine (in micrometer range) owing to rapid nucleation and limited grain growth during PSF (see Fig. 5(c)) . One of the primary detriments to mechanical properties of PSF parts is their incomplete densification (about 87 « 1%). Moreover, rupture could occur at interfaces between layers of lamellas for their inferior coalescence, as indicated in works of Mcpherson and Shafer 14) and Bemdt and Mcpherson. 22) In addition, the existence of granular particles is responsible for extra weakness. Once crack encountering a granule, delamination occurs rapidly along granule-matrix interface and lowers the strength of the parts. 21) After HIPing at 2000°C, 180 MPa for 2 h, the averaged UTS of WRe alloy parts improved up to 214 « 2 MPa due to densification (see Table 2 ). Initial lamellar structure is still retained in WRe deposits as shown in Figs. 6(a) and 6(b) . Inter-lamellar micro-gaps maybe formed again in fracture surfaces due to non-uniform distribution of strains among grains of adjacent layers which can lead to delamination during tensile testing. The fact of delamination is one of major weaknesses for HIPed samples owing to their lamellar structures. In addition, the fracture surface is dominated by intergranular rupture of W grains and interface rupture between layers of lamellas (another weakness for inferior coalescence of lamellae). Note here, mechanical properties of WRe deposits should be further improved by weakening the abovementioned weaknesses. According to suggestions of Khor et al., 17) elimination of internal defects of WRe deposits by optimizing HIPing parameters (such as prolonging dwell time) have been discussed in detail in the follow-up work.
Here we should pay much attention to recrystallization of WRe alloys during HIPing. W grains have been transformed from columnar grains into fine recrystal ones as shown in
Figs. 6(b) and 6(c). Liu et al. 23) has estimated that the recrystallization temperature of W coating fabricated by vacuum plasma spray (VPS) to be 1400°C. According to work of Hu et al., 24) the recrystallization temperature of Re was about 500°C higher than that of W. And the recrystallization temperature of W could get a 300500°C increasing with addition of 35 mass% Re. 25) As a result, HIPing at 2000°C is high enough for recrystallization taking place in PSF W5 mass%Re deposits.
As the dwell time of HIPing increasing up to 4 h, WRe deposits has been transformed from lamellar structure into granular one with several short micro-gaps and some fine pores being remained (see Figs. 7(a) and 7(b) ). The fracture surface is dominated by intergranular rupture of tungsten grains. Interface rupture between layers of lamellas can be only found in local regions (see Fig. 7(c) ). The internal defects including micro-gaps and lamellar structure were weakened owing to further densification during longer time HIPing. As a result, the averaged UTS of WRe deposits was improved up to 326 « 2 MPa. After HIPing at 2000°C, 180 MPa for 6 h, initial lamellar structure has been changed into granular one (see Figs. 8(a)  and 8(b) ). Intergranular rupture of W grains with a few tiny pores can be found in the fracture surface. And transgranular rupture can be discovered in local regions (see Fig. 8(c) ). According to the work of Khor et al., 16, 17) increasing of both HIPing temperature and dwell time were the most effective methods to mitigate or eliminate internal defects including gaps, micro-pores and lamellar structure. As a result, UTS of WRe parts was further increased up to 384 « 2 MPa for elimination of internal defects. Figure 9 shows the typical compressive strength-strain curves of PSF and HIPed WRe alloy deposits tested at room temperature. The average compressive strength of PSF parts was about 390 « 2 MPa with elastic deformation being experienced (depicted as line 1 in Fig. 9 ). It should be noted that the compressive strength was inferior owing to internal defects including incomplete densification (87 « 1%), inferior coalescence of lamellae and existence of partially melted particles in the PSF deposits.
Compressive strength analysis
The compressive strength-strain curves of WRe alloys after HIPing at 2000°C, 180 MPa for 2, 4 and 6 h are showed as line 2, 3 and 4 (see Fig. 9 ), respectively. Similar to microhardness and UTS, compressive strength and yield stress were both increased with HIPing dwell time. This phenomenon should be contributed to internal defects elimination with initial lamellar structure transforming into granular one during HIPing. Comparing with Figs. 7, 8 and 9, we found out that the grain growth of W being restricted by addition of Re. As a result, the influence of grain growth on yield stress could be ignored. Differing from compressive strengthstrain curve of PSF WRe deposits, those of HIPed ones were firstly experienced elastic deformation and then work hardening. Note here, the rates of work hardening were gradually changed under competition of work hardening and softening. In addition, yield stress of HIPed WRe alloys measured here were about 787 « 2, 825 « 2 and 879 « 2 MPa, respectively. Similar value (about 900 MPa) of yield stress has been reported by Lennon and Ramesh. 26) 3.4 Effects of Re on mechanical properties of WRe alloy parts To discuss the effects of Re on mechanical properties of WRe deposits, physical properties of W ones are listed in Table 3 for comparison. It could be found that microhardness, UTS and compressive strength of HIPed W deposits were lower than those of HIPed WRe alloys. Note here, the yield stress of W deposits always kept as zero before and after HIPing. Here we should pay much attention to the meaningful influence of Re element on WRe alloys. To products fabricated by PM, about 30 at% Re could go into a bcc WRe solid solution. 27) Additionally to the solid solution strengthening effect of Re in the matrix, Re atoms tended to cluster, 28, 29) thereby hindering dislocation movement. Comparing with W parts, the ductility and the ductile brittle transition temperatures of WRe alloys were increased and decreased, respectively. This phenomenon was referred to as the 'Re effect' by Leonhardt et al. 30) and Jaffee et al.
31)
Similarly results has been revalidated and double checked in WRe alloys fabricated by PSF and HIPing here.
Here we should pay much attention to the differences of HIPing behaviors between PSF parts and conventional PM compacts. During HIPing, PM compacts with initial density of 6065% shrunk approximately 3040 vol% as reported by Hovis et al., 6) Kang, 7) Maneshian and Simchi. 8) This is true especially for thin-walled products with complex shape such as shaped charge liner and the like. These parts tend to undergo extensive distortion during HIPing and cause stress related problems such as cracking and collapsing etc.
Differing from PM compacts, shrinkage of PSF parts during HIPing is much less (about 10%) with relative density high up to 8590%. Less distortion and stress associated problems are then expected to occur in PSF parts and this trend has been observed here in our study. Differing from granular structure of PM compacts, typical PSF parts take lamellar structure and they will eventually transform into granular one during HIPing. From the abovementioned analysis, we can conclude that densification mechanism of HIPing of PSF parts must be differed from that of PM products owing to differences in volume shrinkage and microstructure changes. As a result, we believe that PSF will find wide applications in making thin-walled or large-scaled parts with complex shapes for ceramics, intermetallics and refractory metallic alloys etc. in the near future.
Conclusions
Based on experimental investigations and detailed discussions out of this work, we could make following conclusions:
(1) A lamellar structure consisting of vertical columnar grains, micron-sized pores, partially melted particles and rough interlamellar contacts with gaps of submicron sizes between lamellae were found in PSF W 5.0 mass%Re products. Due to incomplete densification, micro-hardness, UTS and compressive strength of PSF deposits were about 321 « 4 HV 0.025 , 57 « 2 and 390 « 2 MPa, respectively. (2) As dwell time of HIPing increasing from 2, to 4 and 6 h, internal defects of PSF deposits including gaps, micro-pores and lamellar structure could be gradually mitigated or eliminated with initial lamellar structure changing into granular one. 
